Abstract-The TC4 titanium alloy were deformed at 800℃, 2mm/s with various extrusion loops by a new sever plastic deformation method-Continuous Various Cross-section Recycled Extrusion, then the microstructure and microhardness of the specimen along the radial, the maximum deformation force in each extrusion procedure were also investigated. The results show that Continuous Variable Cross-section Recycled Extrusion is a better method for obtaining TC4 alloy with fine and equiaxed microstructure. With the increase of extrusion loops from 3 to 6, the grain size decreases and its size are about 2 to 3 um. As the extrusion loops increases from 6 to 8, the grain size is similar to that of the 6 loops. However, the grain size increases slightly due to multiple heating as the extrusion loops increases from 8 to 12. Moreover, the microhardness and maximum deformation force of the specimen in each extrusion procedure are higher while the extrusion loops is from 6 to 8. Therefore, the extrusion loop of 6 is the optimal, the microstructure is fine and equiaxed and it also distributes homogeneously.
I. INTRODUCTION
Titanium alloys are widely used in the aerospace industry due to their low density, high strength and toughness as well as good high-temperature properties. Mechanical properties of titanium alloys are important criteria of material service capabilities both in aerospace and industrial applications. It is well known that the microstructure of the alloy is one of the important factors controlling its properties. If the titanium alloy with equiaxed, fine and homogeneous microstructure is obtained by some methods, its plasticity and strength will also improved significantly [1] .
In recent years, in order to obtain the titanium alloys with equiaxed, fine and homogeneous microstructure, many methods are used, such as Equal Channel Angular Press(ECAP) [2] [3] [4] , Multiple Forging(MF) [5] , High Pressure Torsion(HPT) [6] [7] , Cyclic Extrusion Compression(CEC), Accumulative Roll Banding(ARB), High Ratio Extrusion(HRE), and Continuous Variable Cross-section Recycled Extrusion(CVCE) [8] [9] [10] , etc.
Continuous Variable Cross-section Recycled Extrusion (CVCE) is a new method of sever plastic deformation(SPD), its advantages are as flows: (1) the large size block materials with fine grain microstructure can be obtained; (2) the cost of die is low and the operation is simple; (3) the drum occurring in the traditional upsetting is eliminated, and the geometrical shape can be kept simultaneously; (4) the efficiency is high, and the quality is also good.
Therefore, in order to obtain the titanium alloy with fine and equiaxed microstructure, the TC4 titanium alloy is deformed with various extrusion loops by CVCE, and the effect of extrusion time on the microstructure, hardness and maximum deformation force have been investigated. The results will provide a new method with better process parameters and theoretical guidance for preparing the large size bulk titanium alloy with fine and equiaxed grain.
II. EXPERIMENTAL
The TC4 alloy used in the present work was a bar of Φ20mm in diameter. The beta transus temperature of the TC4 alloy is 989℃, and its chemical composition is shown in Table  1 . The initial microstructure of the TC4 alloy is a typical equiaxed structure consisting of a large volume fraction of fine equiaxed α phase with a grain size of 12 um and a small amount of transformed β phase, as shown in Figure 1 . The cylinder specimens were electro-discharged machined from the bar with a length of 26 mm. In order to avoid the cracks formation during extrusion because of the stress concentration occurring in the sharp edge, the cut surfaces were filleted and shined with abrasive papers.
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The flow diagram of CVCE is shown in Figure 2 . It can be seen that a deformation loop is composed of four procedures, including two times extrusion from the cylinder to the frustum of cone in die cavity; two times upsetting from the frustum of cone to the cylinder. The deformation account is obtained by accumulated extrusion and upsetting. Finally, the TC4 alloy with fine and equiaxed microstructure will be obtained by accumulated strain.
FIGURE II. EXTRUSION PROCESS FLOW OF CVCE.
The tests were carried out using a hydraulic press with controllable speed. The deformation temperature used was 800 C [10] , and the speed was 2mm/s. The extrusion loops were 3, 6, 8 and 12, respectively. The heating time was calculated by 0.6mm/ minute, and the specimen was heated by 10 minutes between two procedures for improving the plastic deformation ability of TC4 titanium alloy. In deformation, H13 tool steel was used as the die materials, and its temperature was kept at 550C. After the total deformation, the specimen was cooled in water. Moreover, in heating and deformation, the surfaces of specimens were coated with special glass lubrication to resist oxidation. However, the surface of die cavity was coated with the mixing uniform graphite powder and oil.
The microstructure of TC4 alloy along the radial direction was observed by an optical microscopy (OLYMPUS PM-G3), and the microhardness was measured by 401MD microindenter with a load of 100gf applied for a dwell time of 15s. The specimen were etched with a solution containing 40vol.%HF+30vol.%HNO 3 in water.
III. RESULTS AND DISCUSSION
The microstructure of the TC4 alloy deformed at 800℃ with 2mm/s by various extrusion loops (various accumulated strain) is show in Fig.3 . It can be seen that the grain size decreases as the extrusion loop increases from 3 in Fig.3a to 6 in Fig.3b , and the grain size of 6 loops is about 2 to 3um. As the extrusion loop increases from 6 to 8, the grain size is fine, this is similar to that of 6 loops in Figure3c. However, the grain size increases slightly as the extrusion loops increases from 8 to 12, and its grain size is about 3 to 4um. The reason is that with the increase of extrusion loop from 3 to 6 or 8, the accumulated strain increases, so the microstructure is broken sufficiently and show the fine and equiaxed shape. Moreover, although the accumulated strain increases with the increase of extrusion loop from 8 to 12, the microstructure is coarsen slightly due to multiple heating with the increase of extrusion loop.
From above mentioned, the better extrusion loop is from 6 to 8, the microstructure of grain size with about 2 to 3um can be obtained by CVCE. But considering the uniformity of microstructure distribution and deformation efficiency, the extrusion loop of 6 is the optimal. The microhardness of the TC4 alloy deformed at 800℃ with 2mms by various extrusion loops (various accumulated strain) is show in Figure4. It can be seen that the change law between microhardness and extrusion loop is in accordance with that of microstructure and extrusion loop. For example, while the extrusion loop is 3, 6, 8 and 12, the microhardness value is 278.7MPa, 298.7 MPa, 298.1MPa, and 287.9MPa, respectively. Based on the above microhardness value, the extrusion loop of 6 is also the optimal. The relationship between maximum deformation force and extrusion loop from 4 to 10 in each extrusion procedure is shown in Table 2 . It can be seen that as the extrusion loop is from 6 to 8, whatever in the extrusion procedure or the upset one, the deformation force of the TC4 alloy is higher comparing to the other extrusion loop. The reason is that the grain size decreases and the homogeneity of distribution increases with increasing extrusion loop, which results in the increases of maximum deformation force. In addition, it is concluded that the deformation force in the extrusion procedure of each loop is smaller than that in the upsetting procedure. With the increase of extrusion loop from 9 to 10, the deformation force decreases obviously. For example, in the second procedure and fourth procedure of 8 and 10, the deformation force decreases from 400 KN to 309 KN and from 384 KN to 292 KN, respectively, this is related to the microstructure coarsening with the increase of deformation loop. IV. CONCLUSIONS
1) The grain size decreases as the extrusion loop increases from 3 to 6, which is related to the increase of accumulated strain. When the extrusion loop increases to 8, the grain size is similar to that of the 6 loop. However, the grain size increases slightly due to multiple heating as the extrusion loop increases from 8 to 12.
2) The micro hardness and maximum deformation force of the specimen in each extrusion procedure are higher as the extrusion loop increases from 6 to 8, which are related to the fine microstructure and its homogeneous distribution.
3) Considering the uniformity of microstructure distribution and deformation efficiency, the extrusion loop of 6 is the optimal, and the microstructure of grain size with about 2 to 3um can be obtained by CVCE.
